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This study looks at the inﬂuence of reduced levels of hydration as a driving force for transitions in the
secondary structure of hydrated proteins. A simple protein-water system was used to study the condi-
tions of typical protein-rich dairy food systems at a ﬁxed pH level, salt content, and temperature. Freeze-
dried beta-lactoglobulin (Type A) from bovine milk was dissolved directly into two different buffer
systems over a wide range of concentrations between 1 mg/ml (~54 mM) and 200 mg/ml (~0.01 M) but at
a ﬁxed pH level, pH 3. Circular dichroism (CD), attenuated total reﬂectance Fourier transform infrared
spectroscopy (ATR FTIR), and thioﬂavin T (ThT) Assay ﬂuorescence spectroscopy were used to measure
changes in the secondary structure with respect to protein solution concentration at 20 C. The ﬁndings
of all of the techniques indicate that the majority of the secondary structure changes occur within the
low protein concentration regime (i.e. <50 mg/ml) before a critical aggregation threshold. Dimerisation,
formed by besheet cross-linking, is the likeliest mechanism of aggregation. The formation of dimers
however counters the current assumption that at pH 3 only monomers exist; rather it seems there is a
gradual evolution of the monomeric unfolded state with increasing concentration occurs yielding a b-
sheet rich refolded aggregate. Most interesting is the low concentration region (i.e. between 1 mg/ml and
40 mg/ml) where most secondary structural alterations are found to occur; before physical crowding
effects are possible. The results indicate that BLG has a limited solubility even in a low concentration
regime.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Protein molecules in dense aqueous systems naturally compete
for hydration water. This competition can lead to phase separation
between protein-rich and water-rich regions. The particular type of
phase separationwhich occurs is characterised as a supramolecular
structure (or mesophase). At the heart of the problem is the
diminishing solubility of individual protein molecules with
increasing concentration. This may cause the denaturing of the
proteins from their native compact, soluble state into a more
extended and insoluble state stabilised by strong intermolecular
interactions that drive solidiﬁcation and release of water syneresis.
The experiments discussed here focus on understanding the
structure of dense, high protein systems, looking at how structuralLtd. This is an open access article uchanges on a molecular level (~nm) affect order at the supramo-
lecular level (~mm). There is also the possibility of particular su-
pramolecular structures being obtained from folded or (partly)
unfolded or refolded proteins. Each state of the protein molecules
might be expected to result in a different supramolecular structure.
It is this phase separation/aggregation which causes heterogeneity
in the structure. These effects can lead to highly anisotropic mor-
phologies such as in amyloid ﬁbril formations (Hamada & Dobson,
2002) or more disordered morphologies, such as grainy, dense
aggregates or an elastic gel of entangled ﬁlamentous (Gosal, Clark,
& Ross-Murphy, 2004) or even crystalline aggregates (Oliveira et al.,
2001).
In prolonged partially denaturing and/or partially hydrolysing
conditions (Akkermans et al., 2008), ﬁbrillar aggregates which
display the hallmarks of amyloid ﬁbrils, grow and aggregate further
to form gels. Amyloid ﬁbrils are implicated in diseases such as
Alzheimer's and variant Cruetzfeld-Jakob disease (vCJD), and so
understanding the growth of these ﬁbrils and the higher-ordernder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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disciplines. The ﬁbril is not the only structure that aggregating
proteins can adopt. Around the isoelectric point, when the net
charge is essentially zero, monodisperse and quasi-amorphous
nanoscale particles form. These particles are found to contain
limited runs of beta-sheet structure, but their overall organisation
is random. These nanoparticles have the potential to be useful for
such applications as the slow release of drugs. The amyloid ﬁbrils
form away from the isoelectric point, but over certain ranges of, e.g.,
pH, the ﬁbrils themselves do not exist freely, but form supraﬁbrillar
aggregates termed spherulites (Krebs, Devlin &, Donald, 2009;
Krebs, Domike, & Donald, 2009). Consequently, there is a marked
structural difference between full amyloids and b-sheet runs. The
physical characteristics and morphology of the supramolecular
structures which can form in such high-density protein systems are
crucial to its application in food. The reason for this is that the
connectivity of the particular morphology of the aggregate struc-
ture is what dictates the mechanical and sensory properties of the
bulk system (Bryant &McClements, 1998; Szczesniak, 2002). Apart
from mechanical factors, many of the protein-speciﬁc properties of
foods are related to the poor solubility of many (though not all)
proteins, in particular in the case when they suffer from (partial)
unfolding due to pasteurisation.
In the food industry, there is strong demand for increasing the
protein content of both ﬂuid and solid food products. Consequently,
there is a practical interest from the dairy industry in under-
standing the fundamental physical interactions between whey
proteins and hydration water molecules. A better understanding of
such interactions is a prerequisite for a better control of hydration/
dehydration of dairy-food products that in principle could reduce
refrigerated-freight and storage costs. One fundamental problem is
that the stability and sensory qualities of food products deteriorate
when the protein content exceeds a certain percentage, the precise
value of which depends on the application. Whey proteins are
widely used as ingredients in foods because of their functional
properties, i.e. emulsiﬁcation, gelation, thickening, foaming and
water-binding capacity (Bryant & McClements, 1998; Zhu &
Damodaran, 1994). Protein-related sensory and taste problems
are normally associated with Maillard reactions associated with
primary amines from the proteins, the binding or constricting of
desirable ﬂavours, or the undesired by-products from protein
degradation (e.g. sulphur containing compounds). There is also an
important non-taste/ﬂavour related defect in the sensory appreci-
ation of proteins which is poor and slow hydration leading to an
unpleasant residue in the mouth (i.e. feeling dry and hard to pro-
cess). This is part of the reason why many high-protein food for-
mulations have to be structured by adding starch and/or oil.
Therefore, in-depth knowledge of protein folding/unfolding which
can relate to the hydration and solubility of food proteins at high
concentrations (e.g. as in the mouth during consumption) is also
very important.
Of particular interest is the effect that varying hydration-water
content has directly on the conformational changes of the protein
at the micro-molecular level, particularly at the secondary struc-
ture, as well as any subsequent interactions with other protein
molecules over time. The scientiﬁc challenges involved include the
theoretical description and experimental characterisation of the
supra-molecular protein aggregates arising as a result of any
conformational changes in individual proteins. In this study, a
simple but relevant model protein-water systemwas used to study
the conditions of typical protein-rich dairy food systems at a ﬁxed
pH level and salt content. For this, beta-lactoglobulin (BLG) type A
was used as it is themajor whey protein of cow and goat's milk. BLG
may exist as one or several variants, where types A and B are the
most abundant (Eigel et al., 1984). The A and B types of the proteindiffer from each other by amino acid residues at positions Asp64
(Gly64 in type B) and Val118 (Ala118 in type B) (Taulier& Chalikian,
2001). These differences in primary structure render the two types
slightly different with respect to isoelectric point, solubility, self-
association properties, and temperature stability (Botelho,
Valente-Mesquita, Oliveira, Polikarpov, & Ferreira, 2000; Qin,
Bewley, Creamer, Baker, & Jameson, 1999, Timasheff & Townend,
1960). However, the structural characteristics of the types of BLG
are virtually indistinguishable (Oliveira et al., 2001).
Depending on pH, temperature, and salt concentration, BLG can
exist as a monomer, dimer, or octamer. Between pH 2 and pH 13,
BLG exhibits a number of pH-induced, local and global structural
transitions (Eigel et al., 1984). In the native state, BLG is docu-
mented as being predominantly b-sheet protein containing nine b-
strands and three a-helices (Brownlow et al., 1997; Oliveira et al.,
2001; Qin et al., 1998). The core of the protein is formed by a ﬂat-
tened b-barrel (a calyx) composed of eight antiparallel b-strands
(Eigel et al., 1984), with a large internal cavity that binds retinol,
fatty acids, and other nonpolar molecules (Brownlow et al., 1997;
Uhrinova et al., 2000). Near pH 3, Bovine BLG is known to dimer-
ise, with little documented alteration in structure (Fogolari et al.,
1998; Kontopidis, Holt, & Sawyer, 2002; Uhrinova et al., 2000).
Each monomer in the dimer consists of 162 amino acid residues
and is characterised by a molecular mass of 18.4 kDa. Below pH 3,
the dimer dissociates into monomers which preserve their native
conﬁrmation (Eigel et al., 1984). Between pH 4 and pH 5, BLG is
reported to undergo a dimer-to-octamer transition as suggested by
a variety of methods, including optical rotation dispersion spec-
troscopy, ultracentrifugation, electrophoresis, light scattering, and
NMR spectroscopy (McKenzie & Sawyer, 1967; Pederson, 1936;
Pessen, Purcell, & Farrel, 1985; Timasheff & Townend, 1964). It
should be noted that all transitions that take place between pH 2
and pH 9 do not cause any appreciable changes in the native-like b-
barrel conformation of BLG (Blanch, Hecht, & Barron, 1999). By
contrast, above pH 9, BLG undergoes an irreversible, base-induced
unfolding transition with global disruption of both secondary and
tertiary structures (Groves, Hipp, & McMeekin, 1951; Tanford,
Bunville, & Nozaki, 1959; Waissbluth & Grieger, 1974). Studies
have found that BLG at 100 mM is dimeric at 25 C over a pH range
of 2.5e7.5. Estimations of the dimer dissociation rate constants
(koff) at pH 2.5 were low (0.008 and 0.009 s1) but considerably
higher at pH (6.5 and 7.5) >0.1 s1 (Mercadante et al., 2012).
Furthermore, dimer dissociation constants (KD) fell close to or
within the protein concentration range of ~5e~45 mM, whereas at
~45 mM the dimer predominated (Mercadante et al., 2012).
BLG is a widely studied protein; however a lot of this research
has either focussed on the pH induced structural transitions of BLG,
structural transitions induced by heat treatment, or the effects of
ionic shielding with addition of various salts. Many previous
studies look at aggregation rather than refolding. There are also
currently no publications that exclusively explore the
concentration-driven effect on secondary structure conformational
changes at a ﬁxed pH and without thermal or chemical treatment
(e.g. urea, polyhydric alcohols, etc). This study aims to look at the
unexplored effects of protein concentration alone on structural
transitions of BLG (type A) at a ﬁxed pH, without salt interactions,
and with no heat treatment involved. Whey proteins are complex
and contain BLG (types A and B), alpha-lactalbumin, serum albu-
min, and immunoglobulins. Including all of these other protein
fractions would ideally give a more detailed description of the
concentration effects on structural changes speciﬁc to whey pro-
teins. Unfortunately, the study of a ‘complete’ whey system would
be too complicated to study the fundamental proteineprotein in-
teractions. However, as BLG forms the major constituent of whey
and that BLG types A and B have identical secondary structures,
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model the more complex systems in whey.
Another way of formulating the objective of this study is
observing what effect the lack of hydration water has on driving
structural transitions in protein solutions. Consequently, the pro-
tein concentrations explored are much higher than in other pre-
vious studies, exploring a wide concentration range from 1 mg/ml
(~54 mM) up to 200 mg/ml (~0.01 M). This project aims to charac-
terise the speciﬁc micro-structural transitions that can occur in BLG
protein molecules over a wide protein concentration range at a
ﬁxed pH value of 3 away from the isoelectric point of pI~5.3
(Verheul, Pedersen, Roefss, & de Kruif, 1999) by investigating the
changing secondary structure of the protein via three different
spectroscopic techniques: circular dichroism (CD), attenuated total
reﬂectance Fourier transform infrared (ATR FTIR) spectroscopy, and
ThT Assay Fluorescence Spectroscopy.
2. Materials and methods
2.1. Sample preparation
Freeze-dried BLG (BLG, Type A) from bovine milk, as produced
byNIZO food research (Ede, The Netherlands), was dissolved in 5ml
vials at varying protein concentration directly in a buffer solution at
pH 2.5. This pH value was chosen to account for the increase in
solution alkalinity due to the buffering effect of the protein upon
full dilution and would also allow for the exact ﬁnal pH 3 value to
be achieved with minimal titration (i.e. addition of HCl/NaOH). A
relatively high concentration of HCl/NaOH (i.e.10%w/v) was used in
order to minimise the alteration of the desired protein concentra-
tion of the solution (Croguennec, Molle, Mehra,& Bouhallab, 2004).
Sample vials were gently rotated for 4 h at room-temperature to
allow the protein to fully dissolve, before being stored at refriger-
ated temperatures (~5 C) for 24 h. Resulting protein concentra-
tions for each sample were determined using a Cary® 50 UVeVis
spectrophotometer and applying BeereLambert's lawA ¼ ε  c  l.
The concentration of the solution (c) in each case was determined
using the light path-length l ¼ 1 cm (the geometric width of the
quartz cuvette), the buffer base-line corrected absorption max-
ima,A measured at 278 nm, and the extinction coefﬁcient for BLG
taken as ε ¼ 0.96 cm2mg1 (Bhattacharjee & Das, 2000). The pH of
each sample was then manually titrated to pH 3 by the gradual
addition of HCl and/or NaOH (10% w/v) whilst magnetically stirring
each sample and monitoring the pH level. All samples were
concentration-corrected for the addition of HCl and/or NaOH and
then rotated for a further 4 h and the pH checked again to ensure a
homogeneous distribution of the protein and a true pH reading as
the protein itself has a buffering effect.
2.2. Buffer suitability
Two different buffer systems at pH 3 were used in the three
spectroscopic protein characterisation techniques to be discussed.
This was done for instrument-detection suitability reasons. A
citrate-phosphate buffer (i.e. McIlvaine buffer) was used for
attenuated total reﬂectance (ATR) Fourier transform infrared
spectroscopy (FTIR) experiments because of its unmatched pH
stability at higher protein concentrations. However, citrate buffer
systems cause problems because of their high absorbance in the UV
spectral region utilised by both ﬂuorescence spectroscopy and cir-
cular dichroism (CD) experiments (Bhattacharjee & Das, 2000).
Suitable buffer ions for far UV studies include phosphate, tris (2, 3-
dibromopropyl) phosphate (Tris) and borate. Between them, these
buffers are suitable for studies in the pH range from 6 to 10. In the
pH range 1e3, phosphate is suitable (Kelly, Jess, & Price, 2005). Themajor problem arises in the pH range 4e6, since most of the buffers
in this region are based on the ionisation of carboxylic acid groups
(e.g. ethanoic acid and citric acid) which absorb strongly below
200 nm (Kelly et al., 2005; Kelly & Price, 2000). For this reason, the
McIlvaine buffer solutionwas unsuitable for both the far UV CD and
ﬂuorescence spectroscopy analysis and consequently a phosphate
buffer (phosphoric acid, 0.1 M NaCl) was used in its place.2.3. ATR FTIR method
Attenuated total reﬂectance (ATR) Fourier transform infrared
spectroscopy (FTIR) is a well-established method used to assess the
secondary structures of BLG (a-helix, b-sheet, etc). This method is
suitable and well documented technique for testing the secondary
structure of many proteins, including BLG, dissolved in H2O (Koenig
& Tabb, 1980) and D2O buffer solutions. Initially, the major problem
in the study of biological molecules was the absorption of liquid
water over much of the IR spectrum. A few early publications gave
the anecdotal recommendation that D2O should only be used due
to the inherent difﬁculties in subtracting the strong H2O band
which absorbs close to 1640 cm1 (Susi, Timasheff, & Stevens,
1967). The advent of microprocessor-controlled spectroscopy has
permitted the subtraction of background water absorptions from
dilute samples. Since 1980, an increasing number of protein spectra
were being recorded in H2O and the similarity between those
recorded in D2O proved that H2O subtraction can be done accu-
rately (Barth, Parvez, and Haris). Other early examples of this was
done soon after by Cameron, Casal, and Mantsch (1979) and
Chapman, Gomez-Fernandez, Goni, and Barnard (1980) where they
digitally subtracted H2O absorbance from spectra of proteins and
lipids.
The infrared spectra of proteins are characterised by a set of
absorption regions in the absorption spectrum known respectively
as the amide region and the CH region. The information from the
spectra obtained comes primarily from the amide I region, 1700 to
1600 cm1, and the amide II region, 1600 to 1500 cm1. The amide I
region reﬂects mainly the C]O stretching vibration of the peptide
group, which consequently gives information on the proteins sec-
ondary structure whereas the amide II region results from the NeH
bending vibration and CeN stretching vibration (Barth, 2007).
Batches of protein at concentrations in the range 10e300 mg/ml
were prepared by the method previously described using a McIl-
vaine citrate buffer (0.2 M Na2HPO4/ml, citric acid/ml) with 3 mM/
ml sodium azide (NaN3) used as an anti-bacterial agent (McIlvaine,
1921). Samples were then pipetted onto a Bruker Optics® Equinox
55 ATR-FTIR, with a temperature-controlled diamond module, and
scans made using 256 scans-repeats per sample with a 4 cm1
resolution. Unfortunately, the lowest protein concentration that
could be accurately determined by this ATR FTIR method was
~10 mg/ml due to the detection limits of the instrumentation;
however the beneﬁt of this technique is that there is no upper
concentration limit.2.4. Circular dichroism (CD) method
The far UV region of the spectrum (about 190e260 nm), is
where most of the information for proteins is obtained (i.e. the
secondary structure) (Berndt,1996; Pain, 2003). The accuracy of the
CD technique in the far UV is dependent on both the protein con-
centration and the light's path length, which are inversely pro-
portional (i.e. BeereLambert's Law). Consequently, using a cuvette
with the smallest path length commercially available (i.e. 0.01mm),
this study could examine concentrations up to a maximum con-
centration of approximately 40 mgml.
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Spectrometer (Applied Photophysics). A concentration range of
1 mg/ml to 40 mg/ml was examined using a demountable rectan-
gular Quartz SUPRASIL (Hellma®) cuvette of 0.01 ± 0.003 mm light-
path length (sample volume ~2.6 ml). Such a short light-path length
can cause loss of accuracy so carewas taken that the sample volume
had a good ﬁlling of the cuvettewindow, with full sample contact at
both quartz windows and with no air bubbles or seepage when
ﬁtted together. The bandwidth used was 0.5 nm with a scan time
per point of 3 s. Three repeat scans per sample were made, then
averaged and smoothed in Chirascan™ analysis software. Each
averaged CD spectrum was corrected for the buffer baseline by
subtracting an averaged buffer CD signal over the samewavelength
region. The resulting molar ellipticity [Q] was calculated per
spectrum using (1):
½Q ¼ 100 q
c l (1)
where c is the molar concentration of the sample, l is the light path
length (cm), q Is the instrument measured ellipticity in millidegrees
(mdeg), and the molar ellipticity is [Q] (deg cm2/decimole)
(Johnson, 1990).
2.4.1. CD spectra deconvolution method
CDNN (version 2.1) is a deconvolution analysis software tool
which can be used to analyse the CD data spectra in the far UV
spectral region in order to give a more detailed quantitative sec-
ondary structure analysis. CDNN is just one of a large number of
circular dichroism analysis tools which are available, with this one
distributed by Applied Photophysics (B€ohm, 1997). Deconvolution
of the CD datawas done in the 210e260 nm spectral region because
of its accuracy over the entire spectral region examined (i.e. with a
total percentage sum closest to 100%). In the deconvolution calcu-
lations, the number of amino acids/residues was taken as 162, with
the molecular weight set at 18.4 kDa, and the 0.001 cm light-path
length of the cuvette was used. Three different sets of CD data
(each with three repeat scans per sample) were averaged. The
calculated mean secondary structure values (as percentages) are
given in Table 1 and each corresponding error value is the standard
deviation value (as a percentage) on that mean.
2.5. Thioﬂavin T (ThT) Assay ﬂuorescence spectroscopy method
Fluorescence Spectroscopy analyses ﬂuorescence in a sample. It
involves using a beam of ultraviolet light that excites the electrons
in molecules of certain compounds and causes them to emit light;
typically visible light. Thioﬂavin T (ThT) is a benzothiazole salt used
as a dye to visualise and quantify the presence or ﬁbrilization of
misfolded protein aggregates, or amyloid, both in vitro and in vivo.
It binds to b-sheet-rich structures, such as those in amyloid ag-
gregates, displaying enhanced ﬂuorescence and a characteristic redTable 1
This table shows the percentage changes of the four main secondary structures as
calculated by CDNN deconvolution analysis of the spectra in Fig. 1. The secondary
structure percentage changes are with respect to increasing protein concentration
(range 1 mg/ml to 40 mg/ml). Three different sets of CD data were averaged and the
mean value is shown with a corresponding standard deviation error value (both
given as percentages).
Concentration (mg/ml) 1 2 5 10 20 30 40
Alpha helix (%) 66 ± 13 42 ± 11 29 ± 3 24 ± 1 24 ± 1 24 ± 2 23 ± 4
Total beta-sheet (%) 6 ± 3 14 ± 4 19 ± 2 23 ± 1 23 ± 1 23 ± 2 24 ± 4
Beta-turn (%) 12 ± 2 15 ± 2 18 ± 1 19 ± 1 19 ± 1 19 ± 1 19 ± 1
Random coil (%) 14 ± 8 28 ± 6 36 ± 3 40 ± 1 40 ± 1 40 ± 2 41 ± 4shift of its emission spectrum. Short runs of b-sheet are also sufﬁ-
cient to change the ﬂuorescence spectrum and interact with ThT
but not make fully formed ﬁbrils (Krebs, Devlin, et al., 2009; Krebs,
Domike, et al., 2009). It should be noted, though, that apart from
binding to a rigid, highly-ordered amyloid structure this change in
ﬂuorescent behaviour can be caused by many factors that affect the
excited state charge distribution of ThT, such as speciﬁc chemical
interactions with a protein (Wolfe et al., 2010).
2.5.1. ThT Assay sample preparation
ThT, Basic Yellow 1, stock solution (3.0 mM) was made by dis-
solving 7.9 mg ThT in 8 ml phosphate buffer (10 mM phosphate) at
pH 2.5. This stock solution was ﬁltered through a 0.2 mm ﬁlter. The
stock solution was diluted 50 times in the same ThT buffer before
use and mixed for 2 h. Protein was then dissolved in the ThT buffer
at varying concentrations titrated to pH 3 as previously described
using HCl and NaOH (10% w/v) (Kroes-Nijboer, Venema, Bouman, &
van der Linden, 2009).
2.5.2. Fluorescence spectroscopy 440 nm excitation
The ﬂuorescence of the samples was measured at room tem-
perature using a ﬂuorescence spectrophotometer (Cary® Eclipse,
Varian Inc.) in disposable 10 mm path length polystyrene cuvettes.
The excitation wavelength was set at 440 nm wavelength and
emission set on 460 nm (excitation slit width: 5 nm, emission slit
width: 10 nm) and the emission spectrum was recorded between
460 nm and 550 nm. Three repeat scans per sample weremade and
the ﬂuorescence intensity was determined at 482 nm. The ﬂuo-
rescence intensity of the ThT buffer solution was subtracted as a
background (Krebs, Devlin, et al., 2009; Krebs, Domike, et al., 2009).
3. Results and discussion
3.1. CD results
The systematic changes to both the magnitude (i.e. chirality of
the signal, either positive or negative) and the characteristic shape
of the detected far UV CD signals give insight to what occurs to the
individual proteins' inter-molecular secondary structure, as the
overall protein concentration of the solution is increased.
3.1.1. Qualitative observations
The ﬁrst qualitative observation from the far UV CD results in
Fig. 1 is that there is a systematic loss of magnitude of the negativeFig. 1. This ﬁgure shows the CD spectra of BLG in the far UV region with respect to
increasing protein concentration in solution. The baseline corrected molar ellipticity
[Q] evolves to a less negative chiral CD signal with increasing protein concentration in
solution (range 1 mg/ml to 40 mg/ml).
Fig. 2. This ﬁgure illustrates the data in given in Table 1. It shows the percentage
changes in BLG secondary structure with respect to protein concentration, (wavelength
range 210 nme260 nm) using CDNN deconvolution analysis (using parameters: 162
amino acids, 18.4 kDa, and 0.001 cm path length).
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an increase in molar ellipticity [Q] from approximately 5.0  109
to 1.5  109 deg cm2 decimole1. This increase occurs most
noticeably between 1 mg/ml and 10 mg/ml (i.e. in the “low” con-
centration region). Any systematic loss of magnitude in CD signal is
usually attributed to aggregation as the technique is only sensitive
to proteins that are fully-dissolved in the solution. Consequently, as
proteins aggregate they “fall out” of detection.
If aggregation is increasing as the protein-solution concentra-
tion increases, then this effect can account for the observed loss in
CD signal. Furthermore, Fig. 1 shows that the observed decrease in
intensity eventually plateaus once the protein concentration of the
solution reaches a “high” concentration region (i.e. >50 mg/ml).
The halting of the loss in intensity and overlap of CD signals
thereafter suggests that the aggregation process has saturated
beyond 10 mg/ml protein solution concentration, after which the
curves closely superimpose.
Concurrent with the intensity changes, the second qualitative
observation of the results shown in Fig. 1 is that the CD signal shape
systematically changes as the solution protein concentration in-
creases. At 1 mg/ml, the shape from of the CD signal is a super-
position of characteristic signals; notably a superposition ofa-helix,
b-sheet, and random coil signal shapes. Analogous to the intensity
changes, the CD signal shape systematically evolves the most be-
tween 1 mg/ml and 5 mg/ml to an increasingly predominantly
characteristic b-sheet shape, before the changes reach a plateau. An
explanation for this observed phenomenon might be the formation
of b-sheet-rich aggregates forming within the “low” concentration
region. Dimerisation takes place via besheet cross-linking and
seems the likeliest type of aggregation which accounts for the CD
spectra evolution with concentration seen at pH 3. This suggestion
counters the assumption that at pH 3 only monomers exists
(Fogolari et al., 1998; Kontopidis et al., 2002; Uhrinova et al., 2000),
but suggests that at these higher concentrations a gradual evolu-
tion of the monomeric unfolded state to a b-sheet structure rich
aggregate.
3.2. Quantitative observations
3.2.1. CD spectra deconvolution results
Table 1 shows the deconvolution results displaying the relative
percentage amounts of each secondary structure.
According to the deconvolution of the CD data in Table 1, the
‘near native’ conformation (i.e. 1 mg/ml) consists of 66 ± 13% a-
helix structure, 6 ± 3% b-sheet (total of anti-parallel and parallel)
structure, and 14 ± 8% random coil elements.
Fig. 2 illustrates the trends from the data given in Table 1,
showing the relative percentage changes occurring for each sec-
ondary structure components as calculated by the deconvolution
analysis software and how it compares to its own theoretically
expected total percentage sum. Fig. 2 shows that between 1 mgml
and 40 mgml, as a function of increased protein concentration, all
other structural components, namely b-sheet (both parallel and
anti-parallel), b-turn, and random coil are calculated as increasing:
 The a-helix component decreases substantially from 66 ± 13% to
23 ± 4%.
 The random coil component increases from 14 ± 8% to 41 ± 4%.
 The total (anti-parallel and% parallel) b-sheet component
concurrently increases from 6 ± 3% to and 24 ± 4%.
 The b-turn component increases from 12 ± 2% to 19 ± 1%.
The deconvolution therefore shows that signiﬁcant secondary
structural changes occur within the “low” concentration regime
(particularly between 1 mg/ml and 10 mg/ml). Thus the increasein protein content alone drives secondary structure change in the
unravelling of a-helix dominated structure into a predominantly
random coil structure. There is also a signiﬁcant besheet and b-
turn reconﬁguration occurring. The secondary structure evolution
with concentration reaches plateaus at ~10 mg/ml, suggesting that
this is the critical concentration of aggregation (i.e. critical
dimerisation point). This BLG aggregate is 41 ± 4% random coil,
23 ± 4% a-helix, 24 ± 4% b-sheet, and 19 ± 1% b-turn. The pre-
dominantly a-helix structure observed in dilute conditions (i.e.
<5 mg/ml) is most likely the documented non-native a-helical
intermediate in the refolding of BLG before the formation of native
b-sheets. The refolding of BLG is noted to be unusual because non-
native a-helices are formed at the beginning of the process. Work
by Forge et al. studied the refolding kinetics of bovine BLG (type A)
at pH 3 using stopped-ﬂow circular dichroism and heteronuclear
NMR. It was found that the core b-sheet extends, accompanied by
a further a-helix to b-sheet transition. The refolding of BLG
therefore exhibits two elements: the critical role of the core b-
sheet is consistent with a hierarchic mechanism, whereas the a-
helix to b-sheet transition suggests the non-hierarchic mechanism
(Forge et al., 2000).
Earlier work by Hamada et al. also gives evidence for this
peculiar behaviour of BLG. It is generally assumed that folding
intermediates contain partially formed native-like secondary
structures. Hamada et al. suggests that if one considers the fact
that the conformational stability of the intermediate state is
simpler than that of the native state, it would be expected that the
secondary structures in a folding intermediate would not neces-
sarily be similar to those of the native state. Hamada et al. suggests
that although a predominantly b-sheet protein, BLG has a mark-
edly high intrinsic preference for a-helical structure. Hamada et al.
studied the refolding kinetics of bovine BLG using stopped-ﬂow
circular dichroism and found that a partly a-helical intermediate
accumulates transiently before formation of the native b-sheets.
These results suggested that the folding reaction of BLG follows a
non-hierarchical mechanism, in which non-native a-helical
structures play important roles (Hamada, Segawa, & Goto, 1996).
Other ﬁndings by Kuwajima et al. on the basis of the CD studies
that suggest that residual native-like b-sheet present at pH 3.2 in
4.0 M guanidine hydrochloride (Gdn-HCl) forms a folding initia-
tion site of BLG and exists in the non-native a-helical intermedi-
ate. This apparently further suggests that the folding of BLG is not
represented by a simple sequential mechanism (Kuwajima,
Yamaya, & Sugai, 1996).
Fig. 4. This ﬁgure shows the protein concentrationenormalised overlay of the 2nd
derivative of the ATR FTIR spectra in the amide I region (1700e1600 cm1) for a range
of protein solutions of increasing concentrations buffered at pH 3 in a McIlvaine buffer
(0.2 M Na2HPO4 and 0.1 M Citric Acid). Some spectra have been omitted (i.e. 45 mg/ml,
75 mg/ml, 125 mg/ml, and 175 mg/ml).
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Fig. 3 displays the non-normalised ATR FTIR spectra of the
amide II and I regions (1700e1500 cm1) for protein solutions of
increasing concentrations from 10 mg/ml to 200 mg/ml, buffered
and titrated to pH 3. Some spectra in Figs. 3 and 4 have been
omitted (i.e. curves for 45 mg/ml, 75 mg/ml, 125 mg/ml, and
175 mg/ml) to reduce the cluttering for visual clarity.
3.3.1. 2nd derivative analysis
Fig. 3 shows the raw ATR FTIR spectra in the amide I and II re-
gions (1700e1500 cm1). Due to sub-band overlaps the discrep-
ancies between each spectrum in Fig. 3 are subtle and therefore
difﬁcult to identify without further analysis (Xie & Huang, 2011);
there are also contributions from the H2O at ~1650 cm1. Conse-
quently, 2nd derivatives of the spectra were taken in order to
enhance the less obvious differences between each spectrum. OPUS
5 spectroscopy software (Bruker) was used to smooth and calculate
the 2nd derivative of the spectra. Each 2nd derivative of the data
was ﬁrstly buffer-corrected by subtracting out the buffer signal and
background noise spectrum. Each data spectrum was then nor-
malised for protein concentration by matching up all spectra at the
tyrosine (Tyr) ring vibration sub-band peak which is at 1517 cm1
in the 2nd derivative data (Barth, 2007; Barth & Zscherp, 2002).
This particular sub band indicates the “concentration” of Tyr in the
solution and is the most accurate method for normalising for pro-
tein concentration (Barth & Zscherp, 2002). A protein concen-
trationenormalised overlay of the 2nd derivative spectra in the
amide I region is what is shown in Fig. 4 as derived from the raw
ATR FTIR data in Fig. 3. In Fig. 4, the greater the intensity of the
spectral peak (be it negative or positive) the larger the amount of
the particular corresponding secondary structure type.
3.3.2. Assessing structural changes
The speciﬁc structural changes to the protein molecules were
assessed by ﬁrst ascribing particular IR absorption sub-bands to a
corresponding secondary structure type from existing literature
(Xie & Huang, 2011). In Fig. 4, the greater the intensity of the
spectral peak (be it negative or positive), the larger the content of
the corresponding secondary structure. The low and high-
wavenumber component of the same antiparallel b-sheet struc-
ture correspond to 1627 cm1 and 1684 cm1 respectively (Xie &
Huang, 2011). The feature at 1666 cm1 is ascribed to b-turn
structure (Barth, 2007; Barth & Zscherp, 2002; Xie & Huang, 2011).Fig. 3. This ﬁgure shows the ATR FTIR spectra of the amide II and I regions
(1700e1500 cm1) for a range of protein solutions of increasing concentrations buff-
ered at pH 3 in a McIlvaine buffer (0.2 M Na2HPO4 and 0.1 M Citric Acid). Some spectra
have been omitted (i.e. 45 mg/ml, 75 mg/ml, 125 mg/ml, and 175 mg/ml).The existing literature report of an ambiguous overlap of positive
signals between 1651 cm1e1658 cm1; sub bands that correspond
to both random coil segments and a-helical structure (Barth, 2007;
Barth & Zscherp, 2002; Xie & Huang, 2011). In this report, the
assumption is made that the 1653 cm1 sub band is ascribed to
random coil structure and the 1658 cm1 sub band is ascribed to
aehelix structure. Using these ﬁve ascribed absorption sub bands,
the corresponding positive or negative peak intensities in the 2nd
derivative spectra were determined (Boye, Ismail,& Alli, 1996; Fang
& Dalgleish, 1997). The relative changes in the peak intensities of
each sub band were compared and shown in Fig. 5 to give insight
into the speciﬁc secondary structure changes occurring as a func-
tion of solution protein concentration. Three repeat scans were
averaged and the error values are the corresponding standard
deviations.
Fig. 5 illustrates the results derived from the 2nd derivative
analysis of the IR data in Fig. 4. There are four main observations
that can be deduced from Fig. 5:
 besheet sub-bands (1627 cm1/1684 cm1) increase with
increasing protein concentrations between 10 and 50 mg/ml.Fig. 5. This ﬁgure is a comparative analysis of the maximum intensities of ascribed
secondary structure sub-bands using the 2nd derivative of the ATR FTIR data given in
Fig. 4. It illustrates the changes in sub-band peak intensity of the ﬁve main ascribed
secondary structure sub-bands as deﬁned within the amide I region. Three repeat
scans were averaged and the error values are the corresponding standard deviations.
J.C. Ioannou et al. / Food Hydrocolloids 46 (2015) 216e225222These sub-bands plateau at ~50 mg/ml and no signiﬁcant
changes are seen with increasing concentration.
 Random-coil sub-band 1653 cm1 increases in intensity with
increasing protein concentrations between 10 mg and 40mg/ml
and plateaus at ~50 mg/ml and no signiﬁcant changes are seen
with increasing concentration.
 a-helix sub-band 1658 cm1 slightly decreases in intensity with
increasing protein concentrations over the entire concentration
region explored.
 b-turn sub-band 1666 cm1 remains constant over the entire
concentration region explored.
A direct comparison of the 2nd derivative IR (Fig. 5) and CD
deconvolution data (Fig. 2) over the same protein concentration
range is unfortunately impossible, as the lowest detectable protein
concentration of the ATR FTIR technique starts from ~10 mg/ml.
Coincidently, this is the same concentration at which the CD
deconvolution results suggest an aggregation plateau.
The 2nd derivative IR analysis shown in Fig. 5 supports the CD
deconvolution analysis (Fig. 2) to some extent. Primarily, both
techniques are in agreement that the vast majority of secondary
structure changes occur below 50 mg/ml. The systematic loss of
magnitude in CD spectra signals (Fig. 1) primarily indicates that a
form of aggregation is occurring as protein-concentration is
increased. The CD deconvolution analysis (Fig. 2) suggests there is a
critical concentration of aggregation (i.e. critical dimerisation
point) which occurs at ~10 mg/ml. Similarly, the 2nd derivative IR
analysis (Fig. 5) indicates an increase and strengthening of a pre-
dominantly random coil with signiﬁcant besheet structure (sub
bands 1653 cm1 and 1627 cm1/1684 cm1 respectively) present,
which is also consistent with potential dimerisation occurring via
inter-molecular besheet association.
The different techniques indicate almost identical secondary
structure changes, but over different concentrations regions; for
the CD and IR results these ranges are 1 mg/ml to 10 mg/ml and
10 mg/ml to 50 mg/ml respectively. There is close agreement
regarding the other secondary structure types, particularly con-
cerning the changes in random coil, a-helix, and b-turn structure as
protein-concentration increases. The 2nd derivative IR analysis
shown in Fig. 5 suggests that there is a simultaneous increase in
besheet (1627 cm1) and random coil (1653 cm1) structure with a
simultaneously measured gradual decrease in aehelix structure
(1658 cm1). This further supports the CD deconvolution analysis
results shown in Fig. 2 in that there is a loss in native aehelix
structure signal with a simultaneous gain in random coil structure
signal with increasing concentration; the two together might well
be interrelated (i.e. one structure replacing the other with
increasing concentration). Both techniques also concur that negli-
gible b-turn structure alteration occurs past 10 mg/ml.
The CD deconvolution (Fig. 2) suggests that the vast majority of
secondary structure changes occur primarily between 1 mg/ml and
10mg/ml before a critical aggregation plateau occurs by ~10mg/ml.
In contrast the 2nd derivative IR analysis (Fig. 5) indicates that
secondary structure alterations consistently continue beyond
10 mg/ml, only reaching a critical aggregation plateau at ~50 mg/
ml. The same disagreement also correlates with the measured
changes to the besheet structure. The CD deconvolution analysis
suggests no increase in besheet structure past ~10 mg/ml, whereas
the 2nd derivative IR analysis indicate besheet structure increases
to ~50 mg/ml. This result suggests that a critical aggregation
plateau occurs by ~10 mg/ml, whereas the IR results determine a
critical aggregation plateau at ~50 mg/ml. This result mismatch is
not fully understood, but could be explained by a systematic error
with the CD technique from the required usage of such a small path
length cuvette for the far UV analysis. This could possibly lead toearly surface-induced denaturation or adsorption of the protein
(Fernandez & Ramsden, 2001). Surface-induced denaturation, a
well-documented phenomenon (Vermeer, Bremer, & Norde, 1998),
could account for the apparent lower concentration of critical ag-
gregation. For this reason, the ATR FTIR technique is assumed to be
more reliable as the samples are not restricted or inﬂuenced by any
such external forces. There is agreement between the IR and CD
techniques regarding the speciﬁc changes in the secondary struc-
ture types however.
In the 2nd derivative of the ATR FTIR spectra in Fig. 4 there is a
signiﬁcant shift of the 1627 cm1 sub band (ascribed to antiparallel
besheet structure) as the protein concentration of the solution is
increased. This gives an approximate understanding of the internal
structure of the aggregates being formed. A plausible interpretation
of this shift at 1627 cm1 is that the structure is evolving from a less
dense (“b-native structure”) to a denser more compact inter-
molecular besheet formation. In other words, a change in
detailed anti-parallel besheet structure is tentatively concluded,
instead of the emergence of a ‘new’ spectral feature, absent in the
case of non-interacting molecules. The IR results in Fig. 5 can be
seen as an extension of the CD results; looking at concentrations
too high for the CD technique. The IR data analysis suggests that
very little secondary structure change occurs in solutions beyond
approximately 50 mg/ml (i.e. a form of ‘secondary-structure satu-
ration’). This is remarkable, because at concentrations above
200 mg/ml the mean inter-molecular distance is less than 5 nm,
and approaches the diameter of onemolecule. In the absence of any
aggregation at lower concentrations, competition for hydration
water and incomplete hydration are expected. If BLG were a poly-
mer in a good solvent, concentrating up to 200 mg/ml would cause
coil overlap and alteration of the conformation and behaviour of
the polymer chains. From the results presented here, it appears that
the limited solubility of single molecules of BLG causes a change in
concentration regime already at much lower concentrations of
10e40 mg/ml, leading to a conformation which is resistant to
further crowding by dehydration.
3.4. ThT Assay ﬂuorescence spectroscopy results
The intensity of the ﬂuorescence spectra is a direct indication of
the amount of ThT dye that has speciﬁcally bound to the besheet
elements of the protein molecules (Wolfe et al., 2010). This tech-
nique can therefore identify the presence of besheet rich struc-
tures, and therefore consequently identify the potential formation
of ﬁbrilization in misfolded protein aggregates or amyloids. Due to
the limits of the technique, this method is only used in this study to
further illustrate the notion that b-sheet rich aggregation of some
form occurs, as deduced from the increase in detected ﬂuorescence
with concentration. These results therefore only demonstrate a
trend and cannot give an accurate critical aggregation concentra-
tion value. Three repeat scans were averaged and the error values
are the corresponding standard deviations.
3.4.1. Fluorescence spectroscopy 440 nm excitation results
Fig. 6 shows that there is a signiﬁcant increase in the ﬂuores-
cence intensity peak of the protein solutions buffered at pH 3 with
increasing protein concentration within the “low” concentration
region (i.e. 0.5 mg/ml and 50 mg/ml) before forming an intensity-
plateau starting at approximately ~100 mg/ml.
This is in accordance with the IR and CD data ﬁndings in that
very little secondary structure change occurs in solutions beyond
the 50e100 mg/ml concentration range.
ThT ﬂuorescence on its own is often used as a diagnostic of
amyloid structure (Bromley, Krebs, & Donald, 2005), but it is not
necessarily speciﬁc for amyloid structures (Bromley et al., 2005;
Fig. 6. This ﬁgure shows the ThT Assay ﬂuorescence spectroscopy results. The ﬁgure
shows the increase in measured ﬂuorescence with increasing protein concentration.
The ﬂuorescence intensity was detected at 482 nm and measured with an excitation at
440 nm at pH 3 at 26 C. The ﬂuorescence intensity values have been normalised to
account for the different protein concentrations. Three repeat scans were averaged and
the error values are the corresponding standard deviations.
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only a possibility that the ThT ﬂuorescence results indicate that the
aggregates could be ﬁbrils. However, depending on the particular
protein and experimental conditions, ThT may (Bromley et al.,
2005; Wolfe et al., 2010) or may not (LeVine III, 1995) undergo a
spectroscopic change upon binding to precursor monomers, small
oligomers, un-aggregated material with high b-sheet content or
even a-helix-rich proteins. Conversely, some amyloid ﬁbres do not
affect Thioﬂavin T ﬂuorescence at all, raising the prospect of false
negative results (Cloe, Orgel, Sachleben, Tycko, & Meredith, 2011).
In order to deﬁnitively identify ﬁbrilization occurring one should
observed such ﬁbrils via a secondary technique (i.e. ﬂuorescence
microscopy) (Lubbersen, Venema, & van der Linden, 2009). From
this study, the increase in ﬂuorescence intensity shown in Fig. 6
shows b-sheet rich aggregation of some sort, most likely via
dimerisation, which happens within the relatively “low” concen-
tration region (i.e. 0.5 mg/ml and 50 mg/ml) before a form of b-
sheet structure “saturation” occurs. These measurements can be
taken as consistent with the CD and particularly the IR 2nd deriv-
ative analysis results; that a b-sheet rich secondary-structure exists
and increases aggregation is occurring within this relatively “low”
concentration region (i.e. 0.5 mg/ml and 50 mg/ml) at pH 3 spe-
ciﬁcally. As the solutions of BLG are ﬁxed at pH 3, higher levels of
aggregation are extremely unlikely. According to current literature,
the dimereoctamer equilibrium for BLG (type A) is at pH 4.7 and
the monomeredimer equilibrium is at pH 2.5 (Gottschalk, Nilsson,
Roos, & Halle, 2003). Only around pH 4.7, have larger oligomeric
structures been reported to form, enhanced by a decrease in tem-
perature and a decrease in ionic strength (Verheul et al., 1999).
The formation of dimers however counters the current
assumption that at pH 3 only monomers exist, but rather suggests a
gradual evolution of the monomeric unfolded state with increasing
concentration to a b-sheet structure rich aggregate. Most interest-
ingly is the low concentration region at which most secondary
structural alterations occur; the physical crowding effects would be
expected to start at above 200 mg/ml, where the mean inter-
molecular distance is less than 5 nm, approaching the diameter of
one molecule. From all the results however, it turns out that the
limited solubility of single molecules of BLG causes a change in
concentration regime already at much lower concentration region,
leading to a conformationwhich is resistant to further crowding bydehydration. It can therefore be assumed that other intermolecular
interactions (e.g. electrostatic) are much more inﬂuential in
altering the structural conﬁrmation of the proteins. These in-
teractions between neighbouring protein molecules in the water
take place much before the physical ‘crowding’ of the proteins can
occur.
4. Conclusions
The ﬁndings of all of the techniques concur that the majority of
the secondary structure changes occur below 50 mg/ml before a
critical aggregation threshold is reached. The CD results conﬁrm
that a form of protein-aggregation occurs between 1 mg/ml and
40 mg/ml. The CD deconvolution suggests that a critical aggrega-
tion plateau occurs by ~10 mg/ml, whereas the IR results determine
a critical aggregation plateau at ~50 mg/ml. This result mismatch is
not fully understood, but could be a systematic error with the CD
technique from the required usage of such a small path length
cuvette for the far UV analysis leading to early surface-induced
denaturation. Surface-induced denaturation, a well-documented
phenomenon, could account for the apparent lower concentration
of critical aggregation. There is agreement between the IR and CD
techniques regarding the changes in other secondary structure
types. The CD deconvolution and IR 2nd derivative analysis both
determine a simultaneous increase in besheet and random coil
structure with a simultaneously measured gradual decrease in
aehelix structure. This suggests that there is some loss in native
aehelix structure signal with a simultaneous gain in random coil
structure signal with increasing concentration; these two are likely
to be interrelated. The IR results give greater insight into the nature
of the aggregation in showing that the structure evolves from a less
dense (“b-native structure”) to a denser more compact inter-
molecular besheet formation.
The aggregation is consistent with dimerisation. Intermolecular
besheet association, possibly bybesheet cross-linking, as the like-
liest mechanism of aggregationwith increased protein solution
concentration. The ThT Assay ﬂuorescence spectroscopy results
further support the notion thatb-sheet rich aggregation occurs, as
deduced from the increase in detected ﬂuorescence with concen-
tration. These results also suggests that this aggregation occurs via
dimerisation as opposed to ﬁbrilisation. The ThTAssay ﬂuorescence
spectroscopy results demonstrate a trend but do not give an ac-
curate critical aggregation concentration value. The formation of
dimers however counters the current assumption that at pH 3 only
monomers exist; rather it seems a gradual evolution of the
monomeric unfolded state with increasing concentration to a b-
sheet structure rich refolded aggregate. Most interesting it is the
low concentration region at which most secondary structural al-
terations occur; before physical crowding effects are even possible.
The results indicate that BLG had a limited solubility in a low
concentration regime already leading to a conformation which is
resistant to further crowding by dehydration. Whey proteins are
complex and contain BLG (types A and B), alpha-lactalbumin,
serum albumin, and immunoglobulins. Therefore it is also
possible that studying these other protein fractions could reveal
even more information regarding the concentration effect on
structural changes speciﬁc to whey proteins.
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